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Abst rac t

This paper describes the design and iniplementation  of a real-time control
system with multiple modes of operation jor a mobile dexterous manipulator.
7’he manipulator under study is a cinematically redundant seven degree- oj-
jrccdom arm jrom Robotics Research Corporation, mounted on a one degrec-
oj- jrwdom mot ori.zed  platjorm. ?’he ~i~anipulator-  plus- platjorm system has two
degrees- oj-redundancy  jor the task oj hand placement and orientation. l’he re-
dundancy resolution is achieved by accomplishing two additional tasks using
the configuration control technique. 7 ‘tie system allows a choice oj arm angle
control or collision avoidance jor tht  seventh task, and platjorm  placement or
clboul angle control jor the eighth task. In addition, joint limit avoidance tasks
are automatically invoked when any oj the manipulator joints approach their
limits. The system is robust to singularities, and provides the capability oj as-
signing weighting jactors  to end–eflcctor, joint limit avoidance, and redundancy
resolution tasks. The motion controi  algorithms are ezecuted at 1.1 msec on two
MC68040 processors in a VME-bus  environment running the VzWorks  real-
time opemting  system, l’he paper dcscribcs  the hardware and sojtwarc  compo-
nents oj the VME  environment. Experimental results on real-time control oj
the Robotics Research arm are also presented in the paper.

1 Introduction

In October 1990, the United States National Acro]lautics and Space Administration
(NASA) initiated a research and development project on supervised telerobotic  in-
spcxtion  [5] at the Jet Propulsion laboratory (J Pi,). The goal of this project is to
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develop the necessary technologies for tllc inspection of space structures, such as the
Space Station, using remote robots for s~llsor placement, under supervisory control.
‘1’he purpose of the inspection is to monitor the health and assess possible damage to
the structure by emp]oying  a number’ of scvlsing devices as deemed appropriate for the
task, An essential component, of a. rmnote inspection system is a mobile dexterous
robotic nla]lipulator  for sensor placclncl)t and t}le associated control systcm.  ‘l’his
paper describes the design and illl~~]ell]e]ltatiol]  of a multi- mode real- time control
system for a mobile dexterous manipulator used in the NASA supervised inspection
project.

‘1’he paper is structured as follows. III Section 2, the hardware used by the nla-
nipulator  control system is describccl.  ‘1’hc algorithms used in the control systcm are
cliscusscd in Section 3. In Section 4, the grapllica]  user interface is outlined. In Section
5, we present the software architecture of the VM E environment used for real- time
control of the manipulator. Experimental results on real--time control of the clextcr-
ous manipulator are presented in Section 6. Section 7 draws some collclusions  from
tl]is work, and discusses the directions of future research and development.

2 Hardware System Description

In this section, we describe the hardware of the Manipulator Control System (MCS).
‘1’hc hardware structure is shown in Figure 1 and consists of a Robotics Research Cor-
]Joration)s  model K1 207 seven degree of- freedom (l)OF’)  arm/control unit, a VMF~;-
bascd  chassis with two MC68040  processor boards and additional interface cards, two
joysticks, a motorized platform /controI  unit on which the arm is mountec],  and a
Silicon Graphics IRIS workstation.

‘l’he system is divided into the local a]ld remote subsystems. In our current hard-
ware manifestation of this architecture, the local computer hardware is the IRIS work-
station, and the remote hardware is the VME-based  real-time system which controls
the 7- I) OF’ arm and the one DOF platform, Sensor information is received from
an integrated sensor/end--effector (IS F, I?) unit consisting of two CCD  cameras with
controlled lights, two infrared triangulation based proximity sensors, a gas sensor, a
temperature sensor, a force/torque sensor, and a gripper. Feedback data from the
arm control unit for joint positions, joint velocities, and torques is also available. ‘l’he
system architecture contains an explicit clivision between the local and remote parts
of the system. This is needed to address the problems of at-a-distance inspection of
orbital platforms, The robotic inspection laboratory setup is shown in Figure 2. ‘l’his
figure shows the remote site where the insl)cction  task is performed and consists of
the arm with the lSEE, the platform, atld a one-third scale mockup of part of the
Space Station truss structure. ‘1’he local site consists of an operator control station
where the operator resides and is referred to as the ‘(cupola”. Within the cupola are
the IRIS workstation, two color monitors, a stereo color monitor, and two joysticks.

‘1’he dexterous manipulator used in this study is cinematically redundant with

2



seven  revolutc  joints in an alternating roll/pitch Seclucncc  beginning  with the shoulder

roll at the base and ending with the tool- plate  roll at the hand. ‘l’he shoulder has
both a roll and a pitch DOF, the elbow has an extra roll 1101’ along the upper-
arm in addition to the conventional pitch between  the upper-arm and forearln,  and
the wrist has a roll 1)01” along the forearm, a pitch between the forearm and hand,
and a roll about the tool-plate. ‘l’he upper-arln roll motion allows  the arm plane

(formed by the upper-arm and forearm) to rotate, thus providing the capability for
arm configuration control. The arm pcclcwtal  is mounted on a mobile platforln  of a
motorized rail which provides one additional translational degree- of- freedom that can
bc treated as a prismatic joint. Therefore, the complete manipulator system has eight
ill dcpcndcnt  joint clcgrecs-  of--freedom. This system has two degrees-of- redundancy,

i.e. two ‘(extra” joints, since six joints arc sufficient for the basic task of hand position
and orientation in the three- dirmmsional  workspace.

~’he Robotics Research arm is controlled by a real-time microprocesscm-  based
controller developed at JPL that uses the configuration control algorithm’s [9, 10, 11]
for high- level dexterous motion control that interfaces directly with the Multibus-
Imsed arm control unit supplied by the manufacturer. The real- time controller is
a VMEbus-  based system that uses two Motorola MC68040  processors along with
various data acquisition, memory, and communication boards. The VME controller
is linked via socket communication to the Silicon Graphics IRIS  workstation, which
serves as the host computer for the grap]lical  user interface. The controller also
bas a shared memory interface allowing a high speed communication link with other
systems. A separate image processing VM E chassis currently uses this interface to
]nonitor  the Cartesian position of the end- cffector. l’hc real-time VME chassis and’
the arm control unit Multibus  chassis are co]lnectcd  via a two- card VMI+ to--Multibus
adaptor set from the BIT3 Corporation. ‘l’his allows a high speed bi- directional
shared memory interface between the two buses. The reason for this design choice is
to }~ave no software development on the Multibus  system. Thus, the control system
on the VME chassis treats the arm control unit as a joint space position controller.
‘l’he control architecture simplifies the integration of future generations of higher-
performance hardware and new control techniques as they become available, and
thus provides a growth capability that extends the technical life of the arm control
system.

‘] ’he robot is mounted on a platform which is motorized. The commands to the
platform control unit (built by Compulnotor  I)ivision,  Parker l~annifin  Corporation)
arc sent through a serial port. The platform control unit is capable of providing very
accurate position control (0.01 2 mm accuracy). However, due to the serial port link,
communication with the platform control unit occurs at a slow rate relative to the
arm control unit.
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3 Control System Description

‘J1hC manipulator Cartesian control flow diagraln  is shown in l~igurc 3. ‘J’he  configu-
ration control tcc}lnique  [9, 10, 11] clcvclopcd  at Jl>I/  is implemented in the VMI’;
environ  )nent for the seven I)OF arm plus the one 1)01~ mobile platform. ‘1’his tcch-
IIique allows specification of additional tasks for redundancy resolution. Currently,
two choices for the seventh task arc available: arln angle control  for elbow  placcmcnt,
or obstacle avoidance to reach through an ope)]ing. For the eighth task, two choices
are available: platform position control, or elbow angle  control. ‘l’he major software
modules for the control system are the forward kinematics and Jacobian computa-
tions, a singularity-robust inverse kinmnatic  computation, and a real-time trajectory
generation routine.

‘1’hc computations of the forward kil~cnlatics  and Jacobian of the 7-I)OF nlanipu-
lator utilize Craig’s interpretation of l)crlavit-  IIartenberg  (1)11 ) parameters for frame
assignment [2, 6]. This method provides direct computation of the manipulator Jaco-
Lian in the world frame of the robot. In addition, the forward kinematics and .Jacobian
arc also computed for the obstacle avoidance task [3, 4]. A singularity- robust inverse
kinematics algorithm is implemented. ‘1’his  technique is known as the dampecl-least-
squares (DI,S) method [7, 11, 13]. Basically, the method relies on weighting large
joint velocities against large task-space errors. ?’hc resultant computation of the
joint  velocities has the following form [11 ]:

Od = [J7’W,J  +- W,,] ‘]  JT’Wt [id + KE] (1)

w}lerc  Wt and W. are the task- space  error  weig}]ts  and joint velocity damping weights,
J is the augmented Jacobian matrix, X~ and X arc the desired and actual config-
uration vectors, E = Xd — X is the 1)1,S error term, and 1{ is a diagonal matrix
with positive elements that represent errol  feedback gains. Note that ( 1 ) can also be
written as:

where the subscript c refers to the basic task of positioning the hand, and the subscript
c refers to additional tasks for redundancy resolution. Cholesky  decomposition is used
to find fjd. It can be seen that as the Jacobian becomes singular, the velocity weight
dominates in the inverse matrix term in (2), reducing the commanded joint velocities.
‘l)hc reduced joint velocities, in turn, act to retard the arm from reaching the singular
configuration.

In the configuration control implementation, the “arm angle” is defined as the
angle between the arm plane Sl; W and tllc  vertical reference plane passing through
the line SW, where S, E and W refer  to the origins of the shoulder, elbow and wrist
frames, respectively [6], !l’his angle unicluely  specifies the elbow position for a given
hand frame, and together with the hand coordinates gives a colnplete  representation



of the geometric posture of the wllole arln in almost the entire workspace. In the
control software, we use a simple and efficient method  described in [6] for computing
the arm angle and the associated constraint Jacobian. ‘1’he “elbow angle” is defined
as the angle between the upper- arm St; and  tl]c forcarln EW, [10]. The platform
position is defined to bc the position of the base of the robot with respect to a given
world frame. ‘1’he obstacle a.voidallce task allows the arm to reach  through an opening
wllilc using t}lc redundancy to avoid collision [3, 4].

3.1 DLS Error Computation

Since the 1)1,S error term in (1) is defined as J; == X~ – X, for the three Cartesian
hand positions, the D1.S error is the arithmetic difference of the three individual
scalar components. Similarly for the arln  angle, ~, the 1)1,S error is the arithmetic
diflcrcnce between the measured and desired arm angles. However, some care should
be taken since the arm angle  is cyclic. ]n tllc  experimcmts,  the arm ang]e  is defined
to lie between +180°,  thus the error in arm angle  must be within +180°,  and the
MCS software checks for this condition. ‘l’he hand orientation error is slightly more
i nvo]ved, ‘l’he difference R~;fj  between the desired and measured orientations, &

and %, can be expressed as follows [2]:

where It is the 3 x 3 rotation matrix. ‘1’0 obtain a three component Version C)f  ]~dtff,

the equiva]cnt  angle-axis  form of &:jj needs to be cc)mputed  [2]. l,ct k be theA
ccluivalent  axis unit vector and @ bc the angular rotation about k. Also, let ii, 6, and
6 bc the columns of the rotation matrix R. Then from [1, 2]:

;id. fint+;d. bmt+;d.  h,n ‘]
cosc#)=— —. -.——. . . .—— ———————

2
(4)

From equations (4) and (5), ~ and @ can bc computed. ‘I’@ norm of equation (5)
yields sin @, dividing this by (4) gives aiun2(q$)  and thus ~. k can then be solved for
by substituting @ back into (5). ‘1’he equivalent angle--axis for]n of ]~d:jj is simply k~.

Iloweverl since we are calculating an error term, ~ sin ~ can bc used as an approxima-
tion for k~,  since sin@ % # when @ H O. ‘J’hus  (5) can be used as an approximation
for the orientation error, and is much simpler cornputationally.

3.2 Kinematic Analysis of Platform Motion

In this section, we present the kinematic analysis of the arm-plus-platform system.
111 order to simplify the analysis, wc disregard the three minor joints at the wrist and
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consider the four major joints of the ltliC arm; namely the shoulder roll and  pitch

joints Ql, 192, and the elbow roll and  pitch  joi])ts  Os, 04 as showIn in J’igure  4. The base
platform motion on the track is along tile x-axis of the world frame and is treated
as the prismatic joint 0s. I,et  the task variables of interest be the wrist Cartesian
coordi]latcs {.~, y, z} and the arm angle ‘q). ‘l’he forward kinematic model  relating
{.~,y,z,~}  to {01,02,03,04,0,}  has been found to be [6]

where u and v arc the arguments of the afun2 function, r = (2 + 2c4)lj2 deno tes
the reach of the arm (i.e., the shoulder-wrist distance SW), h is the shoulder height,
the upper-arm and forearm lengths are taken to be unity (S1; = L’PV =: 1), and
s i = sin Oi, ci = cos Oi. in deriving equation (6), the small offsets at the shoulder and
elbow joints of the arm are ignored relative to the link Iengths  so that the analysis is
Inathematically  tractable.

Since the robot system shown in Figule 4 has five independent joint degrecs-of-
frecdom, we can control another task variab]c in addition to {x, y, z, ~}. In this study,
the additional task variable is chosen to be the “elbow angle” ~, which is related to
the joint angles by

q’)= 180°+04 (7)

and determines the reach of the arm. l’roln triangle WJ.’J’,  we obtain

r = S W  = 21sin  $/2 = 2sin #J/2 (8)

Ilence the arm reach r is a simple sinusoidal function of the elbow angle ~, and ~
can be used to control r directly. This equation can also be obtained by applying the
cosine  law to the SEW triangle to obtain  r =: [2 + 2cos04]112 which can be reduced to
equation (8) using the half-angle cosine  formula. Notice that the arm angle ~~ and the
elbow  angle ~ represent two independent configuration parameters for the arm. The
radius of the circle traversed by the elbow when the arm is executing a self--motion is
a function of the elbow angle as EJ’ = 1? cm #/2.  q’hc variation of the arm reach r as
a function of the elbow angle @ is shown in l“igurc  5. It is seen that when @ changes
in the range {O, 1800}, r varies from O to 2; with r = O at 4 = O (arm fully  folded)
and r = 2 at ~ = 180° (arm fully extended).

ltquations  (6)-(7) represent the augmented forward ~ kinematic model of the mob-
ile robot system. ‘l’he augmented differential kinematic model relating the joint
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veloci t ies  {~l,~z, ~3,44,~5} to the resultil~g  task Vclocitics  {i, -j, i, ~J, ~} is obtained
by differentiating (6)-(7) as

J21 J22 JZ3 .124 : 0

0 JBZ J33 JM : 0

0 J42 J43 J44 ~ O

. . . . . . . . . . . . . . . . . .

0001:0

(9)

Because of the particular structure of ihc 5x5 augmented Jacobian matrix J, t h e
expression) for det[J]  simplifies considerably to

det[J]  = – J2 1  [JS:{J4Z  –  JBZJIB] ( lo)

‘1’he elements of J that appear in (1 O) can be obtained from (6) as

where l}Q = (Z2 + y2)’12 is the distance between the wrist projection on the x – y
plane P and the robot base Q, and the partial derivatives in the above expressions
are given by

au al
— = C2S3.$4  ;
.302

—  = :: [--s2s4 +  C2C3(1 +  C4)]
aoz

au &J—.
803

~ S 2 C 3 S 4  ; -  =  ;[-s2s3(1  +  C 4 ) ]
%03

Substituting these expressions into (10) and silnplifying  the result yields the surpris-
ingly simple expression
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Ckt[.1] = ?’s~(& – J) (11)

‘1’his analysis shows that the arl~l-pills-~jlatforlrl system has the following singular
collfiguratiol]s:

I :  OS–.r=o ---+ T=o~ wrist alld platforxn  }Iavc the same r-coordinate
11: s~ = o –~ (3Z = 0 ° , 1 8 0 ” upper-arm is vertical

111: r’= o -+ oq = 180° arll) is fully folded
in tile  singular configuratioll  1 (i.e., r = 05), the first and fifth columns of J a r e
multiples and hence 01 and 05 have iderltica]  effects on the task variables. In the
sillgular  configurations 11 ancl III (i. e., sz = O and  C4 = –l), the 2x2 submatrix

(:::) of J becomes rank-deficient, and hence the joint angles {02, 03} do not

affect  the task variables {z, ~~} indepenclcnltly.
Suppose that the motion trajectories .~d(t)  = [x~(t),  ~d(t),  z~(t),  +~(t),, @d(t)]T’ are

spccificd  for the task variables. l’hen the required joint lnotions  can bc obtained by
finding  the closed-loop damped-least-squares solution of

‘d=[ll”[l!!o$!l

I= Jb (12)

t}lat lninimizes  the cost function ~, = 11~’ – J~[[&t  + [lill~ti  as

‘1’ypically, the pitch angle 04 can vary in the range – 180° < 04 < 0° and hence
the range of variation of the elbow angle @ is 0° to 180°, q’he most desirable elbow
angle is ~ = 90°, which corresponds to the pitch angle 04 in mid-range and ensures
that the arm is not in an over-stretched (~ w 180°) or an under-stretched (~ w 0°)
configuration. The elbow condition @ = 90° can  also be derived from another point
of view. I“or the robot arm shown in Figure 4, the upper-arm SE and forearm A’W
define  the arm plane A. The robot can be viewed as a two-link planar arm with
joint rotations 02 and 04 which move the arm in the plane A. The arm plane A can
rotate about the shoulder roll axis by 01 and about the upper-arm by 03. When the
robot  base is stationary (05 = O), the wrist attains maximum manipulability w h e n
02 – 04 = 90°, which is the classical two-link arm result [14]. IIence ensuring that the
elbow allglc  @ == 90° guarantees the optimality  of the wrist .manipulability  in the arm
plane A when 05 = O.

Ilaving  established the desirability of the @ == 90° condition based on the above
arguments, the platform can be positioned continuously to attain the target elbow
angle ~~ = 90° while the wrist is executing the specified motion. Since the platform
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lnotion is often considerably slower than tllc arln nlovemcmt, it is preferra.ble  not
to move the platform continuously. ’110 this end, instead of tracking the constraint

@ =: ~~ = 90° accurately, we can impose tllc  i!lequality constraint

90 °–fi<d)  <900+-6 (14)

wllcre  6 is a user-specified tolcral]ce or Inargil]. When the elbow  angle # is withill
the allowable bounds, the task wcig})ting factor for d) is set to zero, and in this
case base mobility will not be activated [U JIICSS the target, wrist position is otherwise
unattainable]. When @ is outside these bounds, i.e. # > 90° + 6 (arm over-stretched)
or ~ < 90° —6 (arm under-stretched), the task weighting for ~ changes smoothly to one
as shown in I“igure 6 and the platform is moved automatically to restore the optimal
configuration ~ = 90°, without perturbing  the wrist position. Thus the automatic
motion of the base platform prevents undesirable over-stretched or under-stretched
arln configurations, while enabling the wrist to reach  positions in the workspace that
would otherwise be unattainable.

Now let (z, y, z) represent the coordillates  of the wrist and OS be the x-coordinate
of the base. ~’he shoulder-wrist distance SW is given by

SW2  = r2 == 4 s i n2 @/2 = (2 -- 0S)2 + y2 + (z – h)2 (15)

l’or a given wrist position W, the elbow angl~ ~ is determined solely by the base
location OS, ‘1’o attain a desired elbow ang;]e ~), the required base location is found
fro]n  (15) a s

85=X321) (16)

where W2 = 4 sin2 ~/2 – y2 – (z – h)2. l’;quation  (16) gives two solutions for the plat-
forln  position d~, given the desired elbow angle  ~. ‘1’hese  solutions are symlnetrical
about the line perpendicular from W onto the x-axis. Because of the slow comrnu-
Ilication  rate with the platform control ullit, the arm-plus-platform control system is
not implemented as an integrated 5 DOF system. Instead, a ‘(4 + 1“ DOF approach is
adopted whereby motion commands for the platform position 05 are computed based
011 the arm configuration {01 . . . 04} using a stand-alone software, and are conlmuni-
ca.ted through a serial port to the platform control unit for execution.

3.3 Joint Limit Avoidance

11] addition to the eight tasks described above, ali extra task is added for each nlallipu-
lator joint that is near its limit. ~’his is accoln~Jlished  within the framework of the con-
figuration control scheme [11 ]. When joillt lixnits are approached, the system actually
becomes “deficient” (as opposed to being “redundant”). g’he damped- least- squares
algorithm automatically relaxes certain tasks based  on their weighting factors. ‘l’he
joint  limit avoidance task is formulated as an inequality constraint that is activated



only when the joint is within its “soft” lilnit,  arid is inactive otherwise. interestingly,

the formulation of the extra task is cxtrcndy  siInple.  Observe that J/’W<J< == WC
al]ci that J~Wc reduces to WC, where ( indicates the joint limit avoidance task. Thus
computational]y  the joint limit avoidance task is extremcdy  fast. I’o avoid chattering
whcv]  tile joint lilnit avoidance task is activated and deactivated, W { is formulated as
a continuous function of 0, e.g. at the Iowcl joir)t limit:

w< ==
.{

4“’ [’‘- ‘Os (%%%--)]
wmar

where d~O f~ and ~ha.d are the user-defined soft and

02 t9,0ft

Oha,d <0< O,ojt (17)

O < ohard

hard joint limits, A typical plot
of equation (17) is shown in Figure  7, where the abscissa denotes the p}lysica]  range
of the joint angle. Equation (17) is applied at the lower joint limit, and a similar
equation is applied at the upper joint limit. Note that the task weight is’ zero when
the joirlt  is within the user-specified soft joint lilnits.  Also note that the task weight
is a slnootb  continuous function of the
transitions in and out of joint limits.

3.4 Trajectory Generation

joint angle to avoid chattering as the joint

‘1’wo independent trajectory generators are implemented in the system. The first
trajectory generator produces smooth corltinuous  cycloidal functions to make the
tra]lsition  from the initial position/orientation to the final position/orientation in the
specified time. A second via-point blending trajectory generator is also implemented
in the system [1 2]. The via--point blendil)g  trajectory generator allows the specifi-
cation of several via- points. ‘1’hc control system generates a continuous trajectory
between the points, while slnooth]  y blcnditlg  the velocities from one via-point to the
next.

3.5 Simulation mode

The control system provides an arm simulation mode in addition to real arm ex-
ecution mode. During the real arm execution mode, the control system sends the
lncasured  joint angles to the IRIS. ‘l’his ensures  that the user views the actual arm
configuration since the measured joint ang]cs  are used for graphic simulation. In the
silnu]ation  mode, the control system simply outputs the joint setpoints to a different
shared memory location than that used in the execution mode, and the commanded
joint setpoints  are not sent to the arm control unit, The control systeln transmits the
commanded joint setpoints instead of the actual joint angles to the lRIS, The imple-
mentation of the simulation mode in the control system assures that the simulation
will effectively duplicate real arm execution since the same code is executed in both
cases.
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4 Graphical User Interface
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‘1’}~e graphical user interface enables the user to specify the command ancl control
modes of operation, set control systcm parameters, and dctcrminc the manipulator
stat, us. l’igure  8 shows the IRIS windows for manipulator control. The user  first
selects  tllc  command mode by clicking tile  lnousc  on the appropriate button on the
rnc)lu. ‘l’he lnanipulator  control system has three command mode options:

● Ykleopcrutcd  Comritand  M o d e

● Automated command Mode

● shared Command Aifode

III the  tcleoperated  command mode, the user employs two industrial joysticks to gen-
erate the commanded velocity inputs to the manipulator system. These joysticks are
built  by Measurement Systems, inc. and arc identical to the ones used by astronauts
to operate the Remote Manipulator System (RMS) from the Space Shuttle bay. The
first joystick has a 3-axis square hand]c and is used solely to command trallslation;
the second joystick has a 3- axis rotatiollal  grip  handle and is used for commanding
orientation. The second joystick also has three mounted switches. The trigger is used
to change the arm angle in one direction at a constant speed,  The slide switch is used
to move the platform in one direction at a constant speed. The momentary push-
button] switch has dual usage; it is used to change the direction of both the platform
and tl]c arm angle com]nands. ‘I)he two joysticks can alternatively be used to send
nlotioll  commands directly to the seven joint angles of the arm. The user can select
t}lc gains that map the joystick deflectio]ls  into the arm displacements. Pre-stored
values  for I.OW, MEDIUM, and II IGI1 gain settings can be selected, or the user can
input the desired numerical values of the gaills. In the automated comrnancl  mode,
the motion commands to the arm are issued by a trajectory generator software in
the VMh; chassis. In this case, the user i]~puts on the keyboard or the slider bars the
desired final values of the hand coordinates and arm angle or the target values of the
joint angles, as well as the motion duratioll.

The system also provides shared command mode by combining the teleopcrated
and automated modes, where the commanded values for the arm coordinates are
read both from the joystick channel and tile trajectory generator channel and added
together to form the commanded arm coordinates. ‘l’he shared command mode of
operation is particular useful in applications where the hand is moved in automated
mode by the trajectory generator software while the user is commanding the elbow
Inotion  through the arm angle using the joystick in teleoperated  mode.

‘1’hc user can also select any of the following conf.rol  modes to operate the ar)n  by
clicking the mouse on the appropriate buttoll  on the IRIS screen:
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● Joini  Control  Mode: Commands are issued to the seven joint angles of the arm
arid tile  platforxn.



● C a r t e s i a n - W o r l d  Control  Mode: Colnmands  are expressed relative to a fixccl
user-defined frame of reference (the world fralne),

● Cartesian- World  Relative Conirol  ,\40dc:  h40tion commands are in the world
frame coordinates measured relative to tile  current world frame coordinates of
the hand.

● Cartesian- Tool Control Mode: Motion commands are in the end- cffcctor  co-
ordinates measured relative to a reference frame displaced by the tool lcn, gth
from the current hand frame. ‘1’bc tool length is defined by the user from the
graphical user interface.

‘1’he operator can choose between arm sir~iulation  mode or real arm execution
mode with the click of a button. l’he choice for the seventh and eighth tasks is
made using software toggle buttons. When switching from platform control to elbow
angle control, the eighth task variable in the slider window changes from the platform
position to the elbow angle, reflecting the variable under user control, ‘l’he system
also provides the capability of utilizing the arm redundancy in order to avoid collision
with workspace obstacles in tasks such as reaching safely through an opening, When
the obstacle avoidance task is activated, the obstacle avoidance window shows the
distance of the arm from the center of tile  opening, and the entry angle. The entry
angle is defined as the angle between the arvn link entering the opening and the normal
to the opening. The sliders display the current values, and the maximum allowable
values. When the maximum allowed values are exceeded, the obstacle avoidance task
is aborted. ‘l’he system allows the operator to continue to move the arm, however,
tl~c responsibility for obstacle avoidance falls on the operator.

The current implementation of configuration control enables the user to specify
the arm “posture” as well as its tool position and orientation. The typical choice
for free space motion for the seventh ancl eighth tasks is arm mgle and elbow angle
control. ‘l’he use of arm angle control allows the user to specify the placement of
the elbow, while elbow angle control frees the user from worrying about reaching the
limit of the workspace of the arm along the platform axis. This ability for direct and
explicit control of the physical configuration of the arm during a specified hand motion
provides considerable flexibility in executing tasks that demand high dexterity. ‘l’his
is in contrast to using Jacobian-based ]nethocls  for redundancy resolution in which
the elbow is allowed to move without rest]  aint [8].

‘l’he various command and control modes provide considerable flexibility for oper-
ation of the mobile dexterous robot. ‘1’hc mode of operation can be changed om]ine
by the user at any time based on the task at hand. The control system greatly in-
creases the uptime  of the arm by being robust to singularities and joint limits. A
command line interface is also provided to operate the arm directly from the VME
environment in case of the IRIS breakdown.
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5 Software Architecture

IN this section, we discuss the software components of the VIMl~; environment used
for real- time control of the manipulator. All of the software executing on the VME
el)vironlncnt  is written in the C language. Code is developed on a S(JN Spare 10
LJNIX c.olnputer  utilizing Willd  River Systcm’s VxWorks development environment.
‘1’hc development environment consists of a C co]npiler,  a r-emote symbolic debugger,
and the Stcthosc,ope  real- time monitorirlg  tool. ‘1’hc code is downloaded through
l~thcrnet to the target processor boards fol execution.

l’igure 9 shows the software structure of the VMII- based  controller. ‘1’he VME
chassis hosts two Motorola MVI 67 MC68040  Cl)lJ cards that perform all the nec-
essary computations to provide real--time control of t})e manipulator and the base
platform. ‘1’he user intcr~acc  (ui)  task  itltcufaces  with the high-level system residing
ill the IRIS to receive user commands and to send acknowledgment and state infor-
mation after execution of the cormnands.  ‘1’he information is routed hi–directionally
through l~thernet using the UNIX socket protocol. Once a command is received
from the IRIS, the ui task parses the command and then writes appropriate com-
lnand  information onto the shared memory card to pass along to the other tasks. All
commands from the IRIS are acknowledged by the controller. Every reply from the
controller contains the state of the systcrn  which includes information such as sensor
data, current joint angles, current mode, and Cartesian task values. ‘l’he information
also includes the current parameters that the systcm is using such as the elbow an-
gle margin and the hand controller gains. The state of the controller also indicates
w}lethm  joint limit tasks arc activated, whether the arm power is on, and the current
seventh and eighth tasks chosen.

‘l’he hand controller (he) task  is designated to perform data acquisition. It controls
the activities of the Analog-to-l) igital  (A/Ii) converter boards which are usecl to read
in joystick inputs and sensor data. ‘l’he first A/I) board reads in the voltage outputs
of the six potentiometers on the joystick. In addition, it monitors the three switches
on the rotational grip joystick. The second A/I] board reads in the sensor data from
the telnpcrature  sensor, gas sensor, and the two proximity sensors.

The control  (ctrl,) task performs real- time trajectory generation and kinematic
computations. Both automated and teleoperated  moves are supported in joint mode.
in Cartesian mode, the arm can be moved with reference to its end-eff’ector  frame (tool
mode) or an absolute base frame (world mode). Tool mode enables the user to move
the joints of the robot in a coordinated matlner  such that the user has the notion of
lnovillg  the end-effecter as if it is being held by the user’s hand (e.g., holding onto a
screwdriver and moving the handle to control the tip of the screwdriver). World  mode
is used when the user wishes to move the robot with respect to a fixed user-defined
frame. l’l~e forward kinematics and Jacobian computations, damped- least- squares
computation, and the Cholesky  dccompositioxl  computation have been timed to take
approximately 1.1 nzscc  to complete. In this ~)rocess,  the differential desired Cartesian

13



‘.. .

.

commands (AX~) are converted to diffcrmltial  dcsircxl  joint commands (A8~), which
arc then integrated and the desired joint angles  d~ are sent to the arm control unit
for execution.

‘1’hc rotmiics  research  servo  (ins)  task  is dmigllatcd  solely to execute the arln in-
terface driver at every servo cycle, thereby lnaintaining  constant communication with
tllc arm control unit. The arm control ullit  has the I;lcctronic  Servo-Level Interface,
which allows the user to commu]licate  directly with the joillt  servo motors through
dual-port memory locations on the Multibus. ‘1’}le task communicates with the arm
control unit at the maximum possible rate of 400/~z,”  i.e. every 2.5niscc. Each joint
servo  motor can be independently colnlnaIlded  ill any of the four modes: position,
velocity, torque, and current, ~’his feature enables the operation of the robot under
both kinematic and dynamic control schelnes,  and therefore facilitates validation of
a variety of arm control laws. ‘1’he feedback information such as the actual position,
velocity, and torque values are also accessed froln  the dual-port memory. Presently
all seven joints are commanded in position mode. ‘1’he driver performs all necessary
]Iandshakes  with the arm control unit software and conversion of data into appropri-
ate formats. In addition, joint position allcl  velocity limits are also checked at each
cycle for safety reasons,

6 Experimental Results

In this section, we present experimental results of the robot control system. Seven
experiments are conducted. The first experinlent,  which is labelled the “self-motion”
experiment, shows the tracking of arm angle command with time. ~’he effects of
W. alld A’ on the tracking performance are shown in the next three experiments,
w}~icb are labelled “track]”, “track2”, and “track3”. The avoidance of joint limits
is demonstrated in the fifth experiment, called “wrist”. The next two experiments,
called “xlimit 1” and “xlimit2”,  show the behavior of the configuration control system
near the workspace boundary for two values of W.. The final experiment labelled
“platform” demonstrates how base mobility can be utilized to appropriately place
the arm in order to reach a target wrist position. In all experiments, Wt is set to
1 without loss of generality, since the ratio of W. to Wt is the relevant parameter.
l’ositions  all refer to the tool tip, and are expressed in the Cartesian world coordinates.
orientations are specified in ZYX fixed angles [2] in the Cartesian world coordinate
system. The base is moved only in the “platform” experiment. It is kept stationary at
a position of –257 cm for the first seven experiments, i.e. the eighth task is specified
to bc the platform position.

6.1 Self–Motion Experiment

in the “self- motion” experiment, the illitial  position of the arm is: z = –340 cm,
y = –50 cm, z = 120 cm, I?otx == 90°, )ioty == 0°, Rotz = 90°, and ~) = 175°. q’he
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arm is commanded to go to a position of r/1~ I= 0°, i.e. a change in arm angle  of – 175°,

in 1
0 scc.ends while keeping all the hand coordinates constant. In this experiment,

wc set Wu = 0.005, and K = 1.0. Figure  10a shows a plot of arm angle VS time and a
plot of the 1)1,S error with time is shown in l’igure  IOb. ‘1’he units for the DLS error
arc lncters  for r, y, and z; and radians for the hand oricmtation  and the arm angle.
Good tracking is exhibited, with a maximum transient error of approximately –0.03
radians or 1.7° for the arm angle.

6.2 Trackl, !llack2, and Track3 Experiments

In the “trackl”, “track2”,  and “track3” experiments, the initial position of the arm
is: z = —300 cm, y = —50 cm, z = 130 cm, ~~o~~ = 9 0 0, ~~oty = 00, ~~ot~ = 9 0 0,

and @ = 135°. q’he arm is commanded to go to a final position of z = -370 cm,
~ = 6(I clll arid r/) = 900 in 5 seconds while keeping the other Cartesian cocmdinates

constant. ‘J’his corresponds to a diagonal move of approximately 100 cm, and an arm
angle change  of –45°. For “track]”, W’. = ().005 and A’ = 1,0. ‘1’rackl  is the nominal
case with suitable values for WV and A’. ‘11rack2  and 2’rack3 study the effects of WV
and A’ on the tracking performance, resl)ectively.  The effect of W’v is demcmstrated
in “track2’)  by using a W. of 0.05, and a K of 1.0. “r11rack3”  shows the effect  of K
by setting W. to 0.005 and I{ to 0.1. For each experiment, five plots are shown: z vs
time, x vs time, @ vs time, z vs z, and 1)1,S error versus time. !l’hese are shown in
F’igures  1 la-, 1 Ie for “track]”, Figures 12a-- 12e for “track2”,  and Figures 13a- -13e
for “track3”.

‘1’he “track]” experiment shows how the arm coordinates track the commands,
with a small but nonzero value for W.. These empirically derived values of WV and
K give good tracking while providing protection against high joint velocities near
singularities. Note that tracking appears to be quite good except for a fixed offset
from the desired trajectory. This fixed offset is especially apparent in Figures 11 b (z
vs t), 1 lC (q$ vs t) and lld (z vs x).  This offset can be attributed to the fact that the
Cartesian coordinates X used in the feedback loop of the control diagram (Figure 3)
arc obtained using the computed joint sct])oints  0~ as opposed to the measured joint
angles 19vl from the RRC servos, The joint setpoints ~d are used because prior to
running at a sample rate of 400 Hz, the control loop was unstable when the measured
joint angles On, were used due to the additional phase lag introduced by the arln-plus-
scrvo  dynamics. Figure 1 le shows a maximum transient error of approximately 2 cm
iIl x.

In the “track2” experiment, W. is increased from 0.005 to 0.05. The experimental
results are shown in Figures 12a- 12c. As can bc seen from the plots, increasing Wv
has the effect of incurring much larger tracking errors. The maximum tracking error
in x is now 19 cm. The increase in W“ has the effect of limiting joint velocity even
further at the expense of losing tracking accuracy. Note that the arm does eventually
reach its steady-state position after approximately 10 seconds. Thus W“ produces
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a transient effect, only taking effect when  joillt  velocities are high. In the steacly  --
state, low joint velocities are required ;vhen the arm is llear  its final commanded
configuration, and the influence of PVv is greatly  climinishcd.

In the “track3” experiment, WV is set back  to 0.005 ancl K is decreased from 1.0 to
0.1, ‘1’l]us the effect of 1{ can be secul  by colnparing  the ‘Ltrack3° plots (Figures 13a-
13c) with the “track]” plots (14’igures  1 la- 1 le). ‘1’hc “track3”  plots show generally
good tracking, similar to “track]”, the diflerellce  is in the speed of convergence to
the final value in the steady–state. Convergence is much slower in the “track3”
experiment. This shows that A’ has a direct effect on the speed of convergence to the
comlnandcd  values.

6.3 Joint Limit Avoidance Ihperiment

‘] ’he “wrist” experiment demonstrates the configuration control scheme in action when

a joint  limit (the wrist joint 6, in this case) is reached. Joint 6 on the RRC arm has
a physical range of – 180° (hand folded ollto  itself) to 0° (hand straightened out).
‘IIhc weighting for the joint limit avoidallcc  task WC is given by equation (1 7). W<
is a smooth function that starts at O when the joint is within 10° of its limit (the
“soft limit” ), and increases to a maximunl  of Wm~m = 10 when the joint is within
3.5° of its limit (the “hard limit”). Thus the joint limit avoidance task is activated
when joint 6 is lCSS than –lOO. l’hc initial position of the arm is: x = --330 cm,
y = –50 cm, -z = 120 cm, Rotx = 90°, Roty  = 0°, Rot.z = 90”, and 4) = 135°. ‘1’he
arm is commanded to go to a Rotx position of 30° in 12 seconds, with WV = 0 .005
and K = 1.0. In this configuration, the Rotx angle corresponds to the pitch of the
tool. ‘l’he trajectory makes the arm pitch up, and the wrist hits its joint limit during
the motion. l’igure  14a (joint 6 vs time) shows how the wrist joint reaches the “soft”
joint limit  of –10°, then eventually backs away from –10”. What happens physically
is that the upper–arm roll joint (joint 5) Illakes  a 180° change, which flips the wrist
joint so that a decrease of the wrist joint now corresponds to pitching up. Note that
none of these joint motions are explicity  commanded by the user, the motions ‘(fell
out” of the configuration control scheme. Figure 14b (Rotx vs time) shows a loss of
tracking due to joint 6 hitting its joint li]nit, but the arm eventually recovers and
reconfigures itself to reach the desired final position.

6.4 Xlimitl and Xlimit2 Experiments

The next two experiments, “xlirnitl”  alld ‘(xlimit2°, show the behavior of the arm at
the workspace boundary. From an initial starting position of: z = –330 cm, y = –50
CI1l,  z = 120 cm, Rotx = 90°, Roty = 0°, Roi.z = 90°, and @ = 135°, the arm is
commanded to move to x = –380 cm in 10 seconds, keeping all other task variables
constant. in “xlimitl”,  W. is set to 0.01, and K = 1.0. WV is increased to 0.05 in
“xliInit2”, while K remains at 1. The final Cartesian position represents a target that
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is not reachable by the arm. In “xlimitl”, t hc arln  S}]OWS  good tracking (l~igure  15 b )

till close to the final position. ligum 15C (1)1,S error  vs time), however, shows that the
1)1,S error is not converging to zero since  tile  final position is unreachable. ~’he plot
does show that since the weighting W’t is equal  for all tasks, the 1)1.S errors cc)nverge
to approxilnate]y  the same order of rnagllitudc,  i.e. the tracking- error is distributed
alnong the various tasks eclually. In tile  “xlimit2”  expcrin]cnt,  we observe larger
lnaximurn  errors due to the larger value of W,,. We also observe larger steady- state
errors. When the arm is commanded to go to an unreachable target there arc two
conflicting tasks. ‘l’he K1; term tries to Inove tile arm to the final target, while  the W.
term retards joint velocities. ‘l’h~ls  in ‘(xli111it2° the ]argel Wv term is able to retard

the effect of K in the steady-state more than in the “xlimit 1” experiment. ‘l’his is
also reflected in the plot of the elbow angle (joint 4). ln “xlimit 1“, the elbow angle is

closer to its fully stretched out configuration compared to the ‘(xlimit2°  experiment.

6 . 5  P l a t f o r m  E x p e r i m e n t

‘1’he final experiment demonstrates how Last lnobility  can be utilized to appropriately
place the arm in order to reach an otherwise unattainable target wrist position. In
this experiment, the user specifies the task weighings Wt of 1 and feedback gains 1< of
1 for the wrist and arm angle control tasks, joint velocity weiglltings  WV of 0.005, and
elbow  angle margin 6 = 30°. Starting from the initial wrist position of x = –307.5
CII1, ~ = - - 6 2 . 4  c m ,  a n d  z =  120.0  c m ,  m]d tl]e irlitial arlll ang]e ~) = 45°, the ~trrist

is commanded to move to the final position of x = —392.5 cm, y = —62.4 cm, and
2 = 60.0 cm in 35 seconds while ~~ is kept constant. Note that the target wrist
position is beyond the reach of the arln if base  mobility is not  activated. ‘l’he elbow
angle control is selected as the eighth task, Figure 17 shows the experimental results
for the system. The plot shows that when the elbow angle exceeds 120°, the platform
starts to move automatically and brings the elbow angle back to approximately 90°,
Notice that since the wrist velocity is greater than the base velocity, the elbow angle
cxcecds  the user-specified range 60° < ~ < 1200 momentarily until the base movement
has su~cient  time to compensate for the wrist motion. I’bus, the base mobility of
the arm is used effectively to prevent the arln  from reaching its workspace boundary.

7 Conclusions

A real--time control system for a mobile dexterous seven I)OF manipulator is described
in this paper. A kinematic analysis of the platform shows how the base mobility can
be used to maximize the manipulability,of  the end- cffector.  Experimental results
are presented showing the behavior of the end-cffector  while executing free- space
motioll. Further experimcmtal results dcnnonstrate  how the additional tasks in tllc
configuration control scheme are used to execute a self–lnotion  trajectory, perform
joint limit avoidance, and singularity avoidance at the workspace boundary. I’inally,
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cxpmimcnta]  results are also prescmtcd to demonstrate I1OW the base mobi]ityc.an  be
utilizccl for elbow angle control, and thus cvlsure react  lability of the target position,

‘1’hc Inanipu]ator  used in this paper is we]]- suited for tasks that demancl  posi-
tioning and pointing a payload dexterously, such as in the supervised telerobotic
inspection project at J1’1,. The control system provides dexterous motion by control-
lil~g  the el~d- point location and the lnanipulator  posture simultaneously. ‘1’his enables
operation of the manipulator in the prescllcc  of workspace obstacles and provides the
capability to reach safely inside constricted opcnil~gs. ‘1’his  yielcls  a general- purpose
highly-flexible robot control system which is capable of performing many tasks re-
quiring tcleoperation  or autonomous manipulation in unstructured dynamic environ-
]nents in both space and terrestrial applications. II] fact, although the arm control
systeln  has  been designed for the telerobotic  inspection project, it possesses generic
capabilities that can be used for many applications utilizing different hardware.
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Figure 1: MCS Hardware Structure
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Figure 9: Software Structure
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Figure 10a : Self- Motion ExperimeIlt  /~ vs t
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Figure  lla : “lrackl  I’Jxperimcrlt z vs t
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Figure 14b : Wrist IIxperiment  RotX  vs t
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Figure 15a : Xlimitl  Ilxperimcnt  flq vs t
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Figure 15c :  Xlimitl  Experiment  131,S error  vs t
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Figure 16b : Xlinlit2  ltxperiment  x vs t
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